Enzymatic depolymerisation of starch to glucose or maltose is carried out by starch-degrading amylases during a two-stage hydrolysis: liquefaction using bacterial α-amylase followed by saccharifi cation with glucogenic (fungal amylase) or maltogenic (fungal or bacterial) amylases. As a rule, these enzymes are applied separately, following the recommendations concerning their action provided by the enzyme manufacturers. The study presents our attempts to determine the reaction conditions for a simultaneous action of liquefying and saccharifying enzymes on pre-treated potato starch. Hydrolysis was run by Liquozyme Supra, Maltogenase 4000L and San Super 360L enzymes (Novozymes) at different temperatures. During the single-stage method of starch hydrolysate production the most desirable results was obtained for the maltose hydrolysate at 80 o C (51.6 DE) and for the glucose hydrolysate at 60 o C (96 DE). The analyses indicate that the application of a single-stage hydrolysis of starch to maltose or glucose makes it possible to obtain a degree of starch saccharifi cation comparable with that obtained in the traditional two-stage hydrolysis.
INTRODUCTION
Starch hydrolysates (maltodextrins, syrups, crystalline dextrose) are obtained by controlled acid or enzymatic hydrolysis of starch. Two-stage hydrolysis of starch with subsequent liquefaction and saccharifi cation is commonly used for the production of starch hydrolysates, i.e., maltose and glucose hydrolysates (maltose hydrolysateenzymatic hydrolysate with a dominant amount of maltose and glucose hydrolysate -enzymatic hydrolysate with a dominant amount of glucose)
1-6
. The liquefaction stage converts insoluble starch granules into soluble polymer fragments (maltodextrins). In this process, thermostable bacterial alpha-amylase is used. The enzyme treatment is initially run at about 105 o C, followed by incubation at 90-95 o C. Liquefaction is usually a continuous process and takes about 1-3 hr. The next stage -the saccharifi cation process -breaks polymer fragments into desired starch sugars. This is done by maltose-producing enzymes, such as microbial beta-amylase or fungal alpha-amylase, or by glucose-producing enzymes, i.e., glucoamylase. Saccharifi cation of liquefi ed starch to glucose is usually run over extended time periods up to 72 hr. Shorter residence time for hydrolysis reaction, e.g., 30-48 hr, can be obtained by a simultaneous application of either glucoamylase and pullulanase or glucoamylase and isoamylase. The commonly used two-stage starch hydrolysis suffers from certain technological inconveniences, such as the necessity to change the temperature and pH in successive stages of hydrolysis, which results in an increased consumption of energy and auxiliary materials used in the purifi cation of hydrolysates. The aforementioned inconveniences can be avoided by introducing a novel, unconventional single-stage method for starch hydrolysis, which would facilitate a simplifi cation of the hydrolysis process, a more effi cient utilization of enzymes, a shortened hydrolysis time and a higher effi ciency of starch conversion 7, 8, 9 . The aim of our current research was to compare the effi ciency of the simultaneous action of liquefying and saccharifying enzymes (the single-stage method) with successive use of these enzymes (the two-stage method) in the process of starch hydrolysis.
The comparison of the methods was performed at temperatures ranging from 60 to 90 o C recommended for the action of the enzymes applied. At the bottom limit of that temperature range no complete gelatinizing of all starch granules occurs 10 . Consequently, with the aim to reliably grasp the differences between the methods used, the process of gelatinizing was excluded through the use of cold-soluble potato starch as a substrate.
MATERIALS AND METHODS

Materials
Solamyl -cold water soluble potato starch (commercial product) was purchased from Chemet Co. (Poland). Solamyl was obtained by starch gelatinization and drying in a roll drum dryer. It is a dry product with a 5% moisture content and the following granulation: below 0.2 μm -18.3%, 0.2÷1.0 μm -76.0%, 1.0÷1.6 μm -5.6% and over 1.6 μm -0.1%. Due to the necessity to apply completely gelatinized and dissolved starch granules of native starch and to maintain comparable hydrolysis conditions at temperatures in the range of 60÷90 o C, the physically treated starch, i.e., the starch soluble in cold water, was selected as the substrate.
Enzymes
Alpha-amylase was produced by submerged fermentation of a genetically modifi ed microorganism Bacillus licheniformis -Liquozyme ® Supra with activity of 135 KNU/g (1 KNU -the amount of enzyme which breaks down 5.26 g starch per hour using the Novozymes standard method). Liquozyme ® Supra is used in the initial liquefaction process of syrup production. The enzyme is applied at low pH (5.2÷5.6). The enzyme is thermostable at 90-95 o C for 90-120 minutes. A heat-stable maltogenic alpha-amylase from Bacillus stearothermophilus is expressed in and produced by a ge-netically modifi ed strain of Bacillus subtilis -Maltogenase 4000L with activity of 4000 MANU/ml (1 MANU is defi ned as the amount of enzyme which hydrolyzes 1 micromole of maltotriose per minute in standard conditions). For industrial applications of Maltogenase 4000L, the recommended operation conditions are 60 o C and pH 5.0÷5.5.
A heat-stable saccharifying enzyme that contains both glucoamylase and acid-alpha-amylase, is produced by fermentation of a microorganism which is self-cloned according to the EU defi nition -San Super 360L with activity of 360 AGU/ml (1 AGU is the amount of enzyme which hydrolyzes one micromole of maltose per minute in specifi ed conditions). The optimum general conditions of San Super are 55÷65 o C and pH 4.5÷5.5. All applied enzymes were purchased from Nozymes (Denmark).
Starch hydrolysis assay
Experiments were performed at pH 5. 
Analytical methods
The following quantities were determined: -the content of reducing sugars (DE) with the modifi ed Schoorl-Rogenbogen method 11 . -the residual starch -the amount of the residue after starch hydrolysis obtained by a double separation of the residue from the extract (by centrifugation) and a water elution of the residue by excess of water (20 
RESULTS AND DISCUSSION
Effect of method on starch saccharifi cation degree Maltose hydrolysates
The results of the action of liquefying and saccharifying enzymes on potato starch during single-stage and two-stage hydrolysis are shown in Fig. 1 .
During the single-stage starch hydrolysis within the temperature range of 60÷90 of two-stage hydrolysis without enzyme inactivation, it can be observed that the course of hydrolysis in both is similar (after 48 hr); however, the use of the single--stage method makes it possible to obtain a relatively higher fi nal value of the dextrose equivalent -by 3.6 DE (51.6 ÷ 48.0 DE). As follows from Fig. 1 , the hydrolysis at higher temperatures took place more intensively, in spite of the fact that the temperature of 60 o C, commonly used for the maltogenic enzyme, was exceeded.
Therefore, in order to obtain the highest dextrose equivalent in the production of maltose hydrolysates, it is advisable to continue research on the use of novel, considerably simplifi ed single-stage hydrolysis of starch, consisting in the application of a constant temperature (80 o C) during the entire process of liquefaction and maltogenic saccharifi cation.
Glucose hydrolysates
The results of an action of the liquefying and saccharifying enzymes on potato starch during the single-and two-stage hydrolysis to glucose are presented in Fig. 2 .
The highest value of dextrose equivalent in the single- In the case of the glucose hydrolysate, the fact that the temperature recommended by the enzyme manufacturer for the saccharifying enzyme was exceeded, led to a considerable decrease in the intensity of the hydrolysis process. Thus, it is not advisable to run saccharifi cation at a temperature above 60 o C. Despite the similar optimum temperature for saccharifying enzymes during the synergistic action of the bacterial alpha-amylase (Liquozyme ® Supra), San Super 360L is less stable than Maltogenase 4000L, because the fungal origin of the glucogenic enzyme (San Super 360L) is associated with a lower thermal stability than the bacterial maltogenic enzyme (Maltogenase 4000L) 8 .
Similarly as in the case of two-stage production of maltose hydrolysate, the production of glucose hydrolysate with and without the inactivation of the liquefying enzyme yields very similar results, i.e., 95. When comparing the methods of the production of maltose hydrolysate, i.e., the single-stage vs. two-stage method (for the recommended temperature of 80 o C) it can be found that slightly higher maltose and maltotriose contents were obtained in the former case. Namely, they amounted to 52.6 vs. 50.9% for maltose as well as 7.4 vs. 4.9% for maltotriose, respectively. In terms of the content of higher sugars, still better results (lower amounts) were recorded in the case of the use of the single-stage method (18.8 instead of 29.4%). In turn, in the case of glucose content better results (lower amounts) were found during the processing with the two-stage method (14.8 vs. 21.2%). The quantitative differences in the distribution of carbohydrates in both methods are associated with a different dynamics of the synergistic action of the used enzymes (alpha-amylase and maltogenic amylase) in the applied temperatures of hydrolysis (60 and 80 o C) -the starch depolymerization products which are producing by the infl uence of alpha-amylase action are at the same time a convenient substrate for the maltogenic enzyme action.
Considering the application of maltose hydrolysate as a source of fermenting sugars (G1+G2), a markedly better source of the maltose hydrolysate is that obtained by the single-stage starch hydrolysis (21.2% + 52.6% = 73.8%) rather than the maltose hydrolysate produced by the two-stage method (14.8% + 50.9% = 65.7%).
These observations can be very useful when choosing the method for starch hydrolysis (single-stage or twostage method) depending on the required carbohydrate composition of the produced starch hydrolysate. The single-stage method, in comparison with the two-stage method, makes it possible to increase the share of glucose and maltose by 43.2 and 3.3%, respectively, and leads to a decreased higher sugar contents down to 36.0%.
The contents of selected sugars, obtained using In the single-step method, due to an increase in temperature, a rapid drop of the glucose content was observed -from 98. 
Infl uence of method of hydrolysis on residual starch content
The single-stage hydrolysis leads to a higher content of residual starch (Table 1) , which did not convert after hydrolysis, than the two-stage one, in either maltose or glucose hydrolysate production. The starch residue after hydrolysis is approximately 4 times higher in the case of the single-stage hydrolysis than in that of the two--stage hydrolysis. Nevertheless, it does not exceed 3% for glucose hydrolysate and 6% for maltose hydrolysate. This means that although the single-stage hydrolysis, as compared with the two-stage one, is characterized by slightly higher losses of the starch used for hydrolysis, it may become very useful in certain technical and economic conditions.
Replacing the classical two-stage enzymatic hydrolysis of starch with simultaneous action of liquefying and saccharifying enzymes brings the following advantages: a slightly decrease in energy consumption used for liquefaction process, a more exhausting use of the action of the liquefying enzyme, a decrease in the apparatus cost and a simplifi cation of the technological process. Also, they permit to avoid the necessity of changes in pH related with the different optimal conditions of the enzymes, namely pH about 6 for the liquefying enzyme, pH about 4.5 for glucogenic enzyme and pH about 5.5 for maltogenic enzyme.
The need for simplifying the technological process of enzymatic hydrolysis is confi rmed in many investigations.
Liakopoulou-Kyriakides et al. 13 performed hydrolysis of corn starch in the form of a 5% suspension with a simultaneous application of alpha-amylase and glu- 7 . Synergistic action of the liquefying and saccharifying enzymes at the same temperature (90 o C) and pH (6.0) conditions has shortened the hydrolysis time and reduced the cost related to variations in pH and temperature accompanying the conventional twostage hydrolysis.
Single-stage enzymatic tapioca starch hydrolysis was performed by Sarbatly 8 . His investigations were aimed, i.a., at limiting the production of a highly viscous solution during the process of starch gelatinising, accompanied by a high energy consumption in the mixing process. Other goals were: diminishing the loss in the activity of enzyme due to high temperature and elimination of heat interchangers needed to change in the reaction temperature from 105 o C (liquefaction) to 60 o C (saccharifi cation). In his work, in the process of starch hydrolysis, commercially available enzymes: alpha-amylase and glucoamylase in the form of a 10% suspension were used.
A combination of two processes: liquefaction and saccharifi cation, has also been applied to corn hydrolysis with the use of an enzyme representing a combination of the liquefying and the saccharifying ones 9 . A single-stage hydrolysis of starch was performed by Janse and Pretorius 17 with a complex of enzymes obtained from the breeding of Saccharomyces cerevisiae, namely alpha-amylase, glucoamylase and pullulanase.
In particular, the process of one-stage enzymatic hydrolysis of starch can be applied in the energy-saving technology of alcohol production. Such a method of hydrolysis is presented in the patent by Norman et al. 19 . Namely, the classical two-stage hydrolysis of corn starch (crushed corn, 30% d.s.) in the technology of alcohol production started from the application of liquefaction by bacterial alpha-amylase (85-90 o C) followed In the current work, we dealt with one-stage enzymatic hydrolysis of potato starch in the form of coldsoluble starch. Two combinations of enzymes were in use: the fi rst combination consisted of alpha-amylase (Liquozyme® Supra) and maltogenic alpha-amylase (Maltogenase 4000L), the second one was composed of alpha-amylase (Liquozyme® Supra) and glucoamylase (San Super 360L). Hydrolysis of soluble starch was run in conditions close to those used in the industrial technology of producing starch hydrolysates, namely the substrate concentration of 30% d. It follows from the investigation that during the single--stage enzymatic hydrolysis relying upon simultaneous action of liquefying and saccharifying enzymes a synergistic and complementary action of either enzyme is observed. In the initial phase of hydrolysis, alpha-amylase produces saccharides with a lower molecular mass representing the substrate for the action of the saccharifying enzyme -glucoamylase or maltogenic amylase. The action of glucoamylase which also enables the cleaving of chemical bonds at branch points, leads to a production of successive saccharides with lower and lower molecular masses. They represent a new convenient substrate for the action of alpha-amylase 14,15 . Application of singlestage hydrolysis of starch enhances the hydrolysis yield by a more exhaustive use of the activity of enzymes 8, 20 . Synergism between simultaneous action of liquefying and saccharifying enzyme during starch conversion elicits considerable interest 21 .
CONCLUSIONS
The unconventional single-stage method for starch hydrolysis leads to results comparable to those obtained with the two-stage method. Thus, it is advisable to conduct further research in order to optimize the conditions of the single stage-method.
In the production of maltose hydrolysates, the single--stage method yields the most desirable results at 80 o C. In the production of glucose hydrolysates, the single--stage method yields the most desirable results at 60 o C. The possibility to choose the method of starch hydrolysis (the single-stage or two-stage method) gives the technologist a better opportunity to modify the quality of starch hydrolysates (DE, carbohydrate composition) and the degree of processing reduction (constant temperature, simultaneous dosage of enzymes).
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